ABSTRACT
INTRODUCTION
The Lepidoptera, with about 150 000 described species, is one of the four major insect orders in terms of species number. In order to promote collaborative research on this important order, an international consortium on Lepidoptera genomics was launched in 2001 (International Lepidopteran Genome Project, see http://www.ab.a.u-tokyo.ac.jp/lep-genome/) with the aims: (1) to push efforts towards the sequencing of the entire genome of the silkworm Bombyx mori, (2) to increase the amounts of gene expression data by expressed sequence tag (EST) sequencing into various Lepidoptera models and (3) to create an international Lepidoptera database.
We contribute to these aims by establishing a genomic resource node on Spodoptera frugiperda, a major pest in South America but also the source of the Sf 9 cell line (Vaughn et al., 1977) , widely used for the production of recombinant proteins with the baculovirus expression system. We constructed a cDNA library from Sf 9 cultured cells, from which 5937 ESTs were sequenced. Global analysis show that the most abundant family of ESTs belong to the ribosomal protein (RP) genes family, allowing us to characterize the almost complete set of RP genes of S.frugiperda.
The RP family contains about 55 proteins in prokaryotes and 80 in eukaryotes (Doudna and Rath, 2002) which are generally well conserved, small and highly basic. They constitute a set of highly expressed proteins, e.g. representing 18 of the 30 most abundant mRNAs in yeast (Velculescu et al., 1997) . Each of them is strictly necessary for the building of the ribosome, production deficiencies leading to embryonic death or developmental disorders, well characterized in Drosophila by the minute phenotypes (Warner and Nierras, 1998) . Interestingly, an increasing number of studies have shown that numerous RPs have extra-ribosomal functions (Wool, 1996) , opening new ways to investigate RPs and their probable involvement into several human genetic disorders. However, despite the importance of the RP family, the entire set of RP genes is described in a limited number of eukaryote species.
We present here the presumably complete set of insect RP genes using data from the Lepidoptera S.frugiperda complemented with information from other Insect species, especially Drosophila melanogaster and B.mori. These data allowed us to perform an analysis of the codon usage bias in Spodoptera and Drosophila RP genes and a comparative sequence analysis among insect species and with other organisms. We investigated features which appeared to be restricted either to Insecta or Lepidoptera, in order to test whether such a highly expressed, conserved genes family could be a good tool to investigate the features specific for the insect or the Lepidoptera genome.
MATERIALS AND METHODS

S.frugiperda cDNA library construction and sequencing
One microgram of polyA+mRNAs from the S.frugiperda Sf 9 cell line was used to construct a phage λ Triplex2 cDNA library (Clontech) as previously described (Landais et al., 2001) , that was converted to a plasmid library following the manufacturer's protocol. The average insert size was around 950 bp (data not shown). 5937 clones have now been sequenced using the 5 λ sequencing primer (Clontech), as previously described (Okano et al., 2001) .
Sequence annotation
ESTs were first compared between each other and grouped into clusters of sequences belonging to the same gene. Alignment of these sequences allowed to accurately determine the nucleotide sequence and to reconstitute (when possible) the full-length cDNA. In parallel, EST sequences were subjected to a BLASTX search (Altschul et al., 1997) . Beside ORFs corresponding to identified genes, those displaying significant similarities with proteins of unknown fuction were quoted as 'hypothetical proteins'. Other ORFs fell into two additional categories: 'low homology', which displayed short sequences similarities (e.g. motifs), and 'no hits found', when no similarity was found in any sequence available in public databases.
Among the identified EST sequences, those belonging to RP genes were translated into amino-acid (aa) sequence using DNA Strider 1.2 and further characterized using the Ribosome Swiss-Prot Protein Database (http://www.expasy.ch/cgi-bin/ lists?ribosomp.txt). We followed the classification proposed for rat RPs (Wool et al., 1995) . The RP cDNA sequences described in this report have been submitted to Genbank under the accession numbers AF391091 to AF391092, AF395586 to AF395587, AF400182 to AF400225, AF429973 to AF429981 and AY072284 to AY072293.
RP signatures
The Prosite Database (http://www.expasy.ch/prosite/) proposes for most of the RPs an aa signature, that was systematically compared with the S.frugiperda one. When discrepancies were detected, we checked their existence in other organisms, especially in insects using BlastX in the B.mori EST database (SilkBase, http://www.ab.a.u-tokyo.ac.jp/silkbase/), GADfly at Flybase (http://www.fruitfly.org/annot/), the Anopheles gambiae database (http://www.ensembl.org/Anopheles_gambiae/) and a G.mellonella EST database (F. Senhal, personal communication).
Phylogenetic analysis
We used ClustalX (Thompson et al., 1997) to generate alignments of the L35A and L36 sequences. For L36, nucleotide sequences were subsequently manually aligned in order to match the protein alignment. Bootstrapped, unrooted neighbor-joining trees were calculated using the same program. Trees were drawn by Treeview (Page, 1996) .
Codon usage bias analysis
Codon bias was measured for 64 S.frugiperda, 75 D.melanogaster and 20 B.mori RP complete coding sequences (cds) using the 'Effective number of codons' (ENC) method (Wright, 1990) . As recommended by the author, ENC values greater than 61 were revised to 61. For each RP gene, the correlation coefficient r between the ENC value and the cds length (expressed by the number of codons) was calculated and its probability was deduced from the associated table.
Supplementary data
Supplementary informations are available at http:// bioweb.ensam.inra.fr/spodobase/, including: (1) the complete list of insect RPs (with accession numbers) used in this work, (2) a list of the genes used in comparative ENC analysis between S.frugiperda and D.melanogaster and (3) suggested aa signatures for 8 RPs.
RESULTS
Global analysis of the EST library and of the RP genes family
5937 ESTs have been sequenced and fully annotated from the Sf 9 cDNA library, allowing us to identify 1855 independent identified or putative genes ( as well, a great number of independent ESTs (44%) did not display any similarity with identified or putative genes from other organisms; they are referred as 'low homology' or 'no hits found'. Similarities with putative proteins of unknown function were observed for 15% of the independent ESTs. These three categories displayed a very low EST redundancy, suggesting that their charaterization is not yet fullfilled at this stage of the analysis. For the ESTs corresponding to identified genes, we followed the gene ontology classification into six groups of cellular functions proposed by (Adams et al., 1995) . Three major families of housekeeping genes (gene expression, metabolism and cell division) were overrepresented, amounting up to 69% of the ESTs for only 35% of independent ORFs. Among those, 1813 ESTs (75% of the 'Gene Expression' category and 31% of total ESTs) defined 76 RPs. This gene family displayed the highest EST redundancy (23.8), that allowed us to accurately reconstitute 67 complete cDNA sequences. Nine RP sequences remain incomplete, and three (L4, SA and S9) were absent.
RP codon usage bias
We analyzed the codon usage bias of the 67 S.frugiperda complete RP coding sequences present in our database, as well as the D.melanogaster ones available from GADFly using the ENC method (Wright, 1990) . ENC values vary from 20 (for maximally biased gene) to 61 (no bias).
First, the average GC content appeared higher in RP ORFs than in other cds in both S.frugiperda (calculated from 100 complete ORFs from our library) and D.melanogaster (52.2 versus 47.8% and 57.4 versus 53%, respectively). G and especially C are favored at the third position of synonymous codon in both species. We next calculated the ENC value for 64 S.frugiperda RP cds, and we found that the average ENC was surprisingly high (49.1) for such a highly expressed family of genes In order to check if this low codon usage bias was restricted to the RP genes family, we next compared the ENC values for 23 other homologous genes in S.frugiperda and D.melanogaster. On an average, the codon usage bias was significantly stronger in D.melanogaster (42.7) than in S.frugiperda (50.3). Furthermore, average ENC calculated from the 11 genes displaying the strongest bias in D.melanogaster (i.e. ENC <40, average value: 34.8) was almost unchanged in S.frugiperda (48.7). These results suggest that the low codon usage bias is not restricted to the RP genes, but is probably a general feature in Spodoptera. Fig. 2 . Alignment of the S.frugiperda RP L36 aa sequence with those of 12 other species, including four insects. Conserved residues shared by at least nine species are shaded in gray. The 10 aa-insertion in insect species is shaded in black, with conserved residues in white, bold letters. Residues conserved only between Diptera species are in gray, bold letters.
We next calculated the correlation coefficient between RP gene length and bias. Three conditions were tested, with all 64 S.frugiperda RP cds or excluding those <60 (Fig. 1A) or <100 aa, as recommended by Moriyama and Powell (1998) . In all cases, we found a significant positive correlation between gene length and codon usage bias (r: −0.28, p < 0.03; r: −0.34, p < 0.01; r: −0.27, p < 0.04, respectively), consistent with previous results in unicellular organisms (Coghlan and Wolfe, 2000; Eyre-Walker, 1996) . However, using 75 RP sequences from D.melanogaster, the same analysis displayed an opposite result: a weak, significant negative correlation (r: 0.30, p < 0.05) when excluding RPs <100aa (Fig. 1B) , not significant when including RPs <100aa (r: 0.20, p < 0.1). Moreover, when we discarded S2 from both analysis (this RP gene is much longer than others and not biased), we did not find any correlation between codon usage bias and gene length (r: 0.10 and 0.01, respectively).
RP signatures
Alignment of each of the 67 complete S.frugiperda RP sequences with those of other eukaryotes and prokaryotes species allowed us to detect two potential insect-specific features: insect L36 sequences contain a 10 aa insertion close to the N-terminus (Fig. 2) , while L35A displays a stretch of 50 additional aa in the N-terminus. These two 'insect insertions' displayed no similarities with known sequences or identified motifs.
We performed a phylogenetic analysis restricted to the only five Insecta sequences available to date for each RP. Neighborjoining trees were calculated using either the entire sequences deleted for the insertion ( Figs 3A and C) or the insertions only ( Figs 3B and D) . We used aa sequences for L35A (since it is saturating at nucleotide level) and nucleotide sequences for L36 (this RP is well conserved at the aa level). In this analysis, both insertions displayed similar features: a strong divergence was observed not only between Lepidoptera and Diptera but also between the two Diptera species, contrasting with the high conservation among Lepidoptera (Figs 3B and D) . Interestingly, both L36 trees grouped with high bootstrap scores the Bombycoidea B.mori and the Pyraloidea G.mellonella apart from the Noctuoidea S.frugiperda, in contrast with the classically admitted grouping of these species: Bombycoidea and Noctuoidea superfamilies belong to the Macrolepidotptera, a subset of Ditrysia which does not include the Pyraloidea (Minet, 1991) .
We next performed a systematic comparative analysis for each RP signature using Prosite signatures as a reference. Among the 67 S.frugiperda RP sequences, 50 displayed the canonical signature. In a second set of 8 RPs, no signature was proposed by Prosite. Into the last set of 9 RP, comparison between the Prosite signature and the S.frugiperda RP sequence revealed one or more aa discrepancies. Adding more insect sequences in this analysis allowed to constitute four distinct groups (Table 2) where discrepancies appeared to be (A) 'insect-specific', i.e. located at the same residue in all the insect sequences tested, (B) 'Lepidoptera-specific', i.e. present in Lepidoptera but not in Diptera species, (C) present in Lepidoptera but not in all the Diptera species tested and (D) numerous in all the sequences tested. In this last case (RP S30), the signature is not located into the RP 'sensu stricto' sequence but in the fused N-terminal ubiquitin-like sequence (Fau protein), that is not well conserved (Michiels et al., 1993) .
DISCUSSION
Global analysis of the Sf 9 library
The haploid genome size of S.frugiperda is estimated around 400 Mb (unpublished data), but the total number of genes is unknown. Based on the data available on B.mori, which has a similar genome size (about 500 Mb) and contains approximatively 50% repeated DNA, the coding capacity would be in the same order of magnitude as in D.melanogaseter (180 Mb), whose genome has been shown to probably encode for 13 600 genes (Adams et al., 2000) . If this comparison is valid, this means that we get access by this EST library to about 10% of the Spodoptera genes. An intriguing feature is the high number of 'new' genes or functions identified in this screen, a situation already observed in B.mori EST databases (Shimada, pers. comm.) . This suggests that a significant proportion of putative genes characterized from the S.frugiperda and B.mori EST libraries may be specific to Lepidoptera. This hypothesis is strengthened by the finding of several homologs restricted to the two species (data not shown). These observations suggest that many other genes should be found in a further in depth EST analysis.
The high proportion of ESTs belonging to housekeeping genes allowed us to identify almost all the RP genes. Three additional RPs which were absent from our library (L4, SA and S9) are supposed to be present in S.frugiperda, because they have been characterized in a wide set of eukaryotic species including at least one insect (D.melanogaster). We thus estimate that the RP family comprises 79 genes in S.frugiperda, like in Drosophila and human (Uechi et al., 2001) and one more than in yeast (Mager et al., 1997) .
Average codon usage bias in RPs
Numerous studies have shown that the level of codon usage bias is strongly correlated with the level of gene expression (Duret and Mouchiroud, 1999) . This is consistent with the hypothesis that stronger selection on highly expressed genes maximizes translational efficiency by the use of 'major' codons (Moriyama and Powell, 1998) . However, in two 
In the Insect signatures, aa matching with the proposed signature are underlined. Variable aa (i.e quoted as 'x' in the proposed signatures) are not underlined.
Residues displaying a discrepancy with the proposed signature are shaded and in bold characters. A, 'insect-specific' signatures; B, 'lepidoptera-specific' signatures; C, uncertain insect-specific signatures; D, highly variable signature.
Lepidoptera species, we found that RP genes, which are among the most highly expressed genes in the eukaryotic cell (Velculescu et al., 1997) , displayed in average a very low codon usage bias. In addition, when we calculated in S.frugiperda the ENC value of several other genes which are homologues in D.melanogaster are strongly biased, we found low bias values as well. It is thus likely that, in Lepidoptera, genes that are highly expressed or having highly biased homologues in other organisms remain weakly biased. The more convincing hypothesis to explain this surprising feature could be an equivalent ratio (or slight differences) between tRNAs corresponding to the same aa, since such a situation should strongly reduce the selection between codons . However, this hypothesis currently cannot be verified since few informations are available on the tRNA composition in Lepidoptera. Whatever the reason, this low codon bias could partially explain the successful expression of numerous heterologous proteins in the Sf 9 cell factory.
Codon usage bias and gene length
The use of the almost complete set of S.frugiperda RP genes allowed us to show for the first time a positive, weak but significant correlation between gene length and codon usage bias in a multicellular organism. This result is compatible with the predictions of the translational efficiency model (selection to reduce translational misincorporations should be higher in long genes because the cost of producing dysfunctional peptides will be proportional to their length) previously checked in unicellular organisms (Coghlan and Wolfe, 2000; EyreWalker, 1996) . Interestingly, similar analysis using the entire set of D.melanogaster RP genes showed an opposite result: codon usage bias was negatively correlated to gene length when using all the RP genes, and not correlated when removing S2, which is much longer and less biased than the others. This result corresponded to the general tendency observed from global bias analysis in all the multicellular organisms studied so far, i.e. D.melanogaster, C.elegans and A.thaliana (Moriyama and Powell, 1998; Duret and Mouchiroud, 1999) in which longer genes statistically display lower codon usage bias. However, such negative correlation could be due to an inadequate estimation of gene expression level, as recently demonstrated in yeast by Coghlan and Wolfe (2000) . Nevertheless, the opposite results observed in our work between S.frugiperda and D.melanogaster cannot be explained by such hypothesis, since we used the same set of equally expressed genes in the two species. Actually, the discrepancy may be simply related to the strong difference in average bias of RP genes between the two species: in Drosophila, since most of the RP genes are extremely biased, it is possible that the additional effect of gene length is too weak to be detected. By contrast, in S.frugiperda, since the bias observed in RP genes is globally low, the weak effect of gene length could not be overcome. In this hypothesis, the positive correlation detected in S.frugiperda may reflect a general tendency of codon usage bias to be stronger in longer genes. More independent, reliable and wide gene expression data (SAGE, DNA microarrays) from multicellular organisms are needed to confirm the effect of gene length on codon usage bias.
L35A and L36 insertions
The fact that both insertions are colinear in all the insect sequences tested (same position, same length) suggests that they have evolved from a common insect ancestor rather than from separate insertion events in Diptera and Lepidoptera. Moreover, the strong divergence observed not only between Lepidoptera and Diptera but also between the two Diptera species (contrasting with the high conservation among Lepidoptera) is compatible with the known phylogenetic relationships of these species: the split between Brachycera and lower Diptera is probably almost as ancient as between Diptera and Lepidoptera, whereas superfamilies of the Ditrysia clade (from which belong the Lepidoptera species tested) arose much more recently (Pashley and Ke, 1992; Regier et al., 1998; Yeates and Wiegmann, 1999) . Interestingly, both L36 trees grouped with a good robustness the Bombycoidea and the Pyraloidea species apart from the Noctuoidea species. This result does not fit exactly with the morphology-based phylogeny of these species, as Bombycoidea and Noctuoidea superfamilies are grouped into a derived subset of Ditrysia, the Macrolepidoptera, from which Pyraloidea are excluded (Minet, 1991) . However, Pyraloidea are thought to be closely related to the Macrolepidoptera (Nielsen, 1989; Minet, 1991; Regier et al., 1998) , and moreover the relationships between the Ditrysian superfamilies, as an 'intractable problem' (Nielsen, 1989) are far from being precisely solved. Crosscheckings with information from other genes resolutive at the superfamily level in Lepidoptera should be useful to validate the phylogenetic interest of these RP genes.
RP signatures
Among 67 S.frugiperda RPs tested, 9 carried a signature displaying one or more discrepancies with the canonical Prosite signature. Interestingly, these discrepancies were not randomly distributed into the signature sequence, but restricted to the same aa residues among insect species. Despite the few number of species tested, this signature analysis highlights the fact that, even among the highly conserved RPs, one can find features which seem to be specific for insects or Lepidoptera. It thus confirms that the ribosomal proteins family is a valuable tool to investigate this class and this order. More generally, this study pointed out the fact that proposed signatures cannot be considered as representative of a protein, until a sufficient quantity of species chosen in all the kingdoms are included into the signature design.
